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Abstract

Background: For individuals with persistent stable chest pain (SCP) and a coronary artery calcium score (CACS) of 0, it might be
challenging to establish the best risk assessment method for determining the individuals who will not benefit from further cardiovascular
imaging testing (CIT). Thus, we investigated the CACS-weighted clinical likelihood (CACS-CL) model in SCP patients with a CACS of
0. Methods: Thus, to assess SCP, we originally enrolled 14,232 individuals for CACS and coronary computed tomography angiography
(CCTA) scans between January 2016 and January 2018. Finally, patients with a CACS of 0 were included and followed up  until January
2022. According to the established CACS-CL cutoffs of 15% and 5%, the associations between coronary artery disease (CAD) and major
adverse cardiovascular events (MACEs) in risk groups were evaluated, alongside the net reclassification improvement (NRI). Results:
Of the 6689 patients with a CACS of 0, the prevalence of CAD increased significantly (p < 0.0001) in patients with higher CACS-CL.
However, there was no significant difference in the CAD distribution (p = 0.0637) between patients with CACS-CL <5% and 5–15%.
The association between the CACS-CL = 15%-determined risk groups and the occurrence of MACEs was stronger than for a CACS-CL =
5% (adjusted hazard ratio (HR): 7.24 (95% CI: 1.93–16.42) versus 3.68 (95% CI: 1.50–8.26)). Compared with the cutoff for CACS-CL
= 5%, the NRI was 10.61% when using a cutoff for CACS-CL = 15%. Conclusions: Among patients with an SCP and CACS of 0,
the CACS-CL model provided accurate predictions of CAD and MACEs. Compared to the cutoff for CACS-CL = 5%, the cutoff for
CACS-CL = 15% seemed to be more effective and safer for deferring further CIT. Clinical Trial registration: NCT04691037.

Keywords: risk assessment strategy; stable chest pain; coronary artery calcium score; coronary computed tomography angiography;
coronary artery calcium score-weighted clinical likelihood model

1. Introduction
Stable chest pain (SCP) in patients is suggestive of

chronic coronary syndrome (CCS). Cardiac imaging test-
ing (CIT) is widely employed to assess the presence of ob-
structive coronary artery disease (CAD) [1,2]. Although
coronary computed tomography angiography (CCTA) is
increasingly recognized as the first-line CIT, per recently
published guidelines [1,2], an increasing body of clini-
cal trials has demonstrated that most patients referred for
CCTA as well as other cardiac imaging tests presented no
adverse clinical events when the results were negative [3–
6]. As the desire to get the most out of limited resources in-
creases, a lively discussion has appeared regarding how to
enhance risk assessment to better choose patients for whom
further CIT should be postponed [7–10].

In this setting, there is a resurgence in interest in us-
ing the coronary artery calcium score (CACS) as part of

the initial clinical decision-making process, to provide a
more accurate evaluation for subsequent CIT [7,11–13]. A
recent meta-analysis of patients with SCP showed that a
CACS of 0 had a negative predictive value of 97% for rul-
ing out obstructive CAD [11]. However, substantial re-
search has consistently established that a significant inter-
action exists between CACS and risk variables in predicting
obstructive CAD and major adverse cardiovascular events
(MACEs), while atherosclerosis could not be safely ex-
cluded in those with a high-risk factor burden but a CACS
of 0 [14–17]. Thus, considerable work is still needed to im-
prove the CACS-based paradigm regarding risk assessment
for SCP, particularly in patients with a CACS of 0.

Using a large cohort consisting of 41,177 symptomatic
patients who underwent CCTA from 2008 to 2017, Winther
et al. [18] developed a CACS-based tool to estimate the
clinical likelihood (CL) of obstructive CAD, which in-
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cluded CACS over and above age, sex, symptoms, and
other traditional cardiac risk factors. The diagnostic and
prognostic values for this CACS-CL model have been val-
idated in several external cohorts [8,18,19] and have been
recommended by recent guidelines [1,2]. However, to date,
limited data exist on the performance of the CACS-CL
model among patients with a CACS of 0. Consequently,
the present study aimed to investigate the diagnostic and
prognostic values for the CACS-CL model, as well as the
effectiveness of current risk assessment strategies based on
different cutoffs of CACS-CL, to optimize downstream re-
ferrals for CIT in a CCTA-based cohort comprising patients
with SCP and a CACS of 0.

2. Materials and Methods
2.1 Study Cohort

Briefly, the CCTA Improves Clinical Management of
Stable Chest Pain (CICM-SCP) registry is an ongoing co-
hort of patients who were referred to CCTA as the first-
line CIT to assess their SCP in relation to CCS (Clinical-
Trials.gov Identifier: NCT04691037). As shown in Fig. 1,
during a period of 24 months, between January 2016 and
January 2018, 14,232 patients were finally enrolled in this
registry, while details on the registry have been previously
described [8,17]. In the present analysis, patients with a
CACS of 0 were included and followed up until January
2022. This study was approved by the Ethics Committees
at local institutions and all participants provided informed
consent.

Fig. 1. Flow diagram. CCTA, coronary computed tomogra-
phy angiography; ACS, acute coronary syndrome; CAD, coro-
nary artery disease; CACS, coronary artery calcium score; NYHA,
New York Heart Association.

2.2 Procedure and Postprocessing Analysis of CACS and
CCTA

The scanning, as well as interpretation of CACS and
CCTA, were conducted as described previously [8,17]. Pa-
tients with a CACS of 0 were included in the present study.
Based on the Coronary Artery Disease–Reporting and Data
System [20], the maximal degree of coronary diameter
stenosis was defined as no CAD (0%), nonobstructive CAD
(1–49%), and obstructive CAD (≥50%).

2.3 Baseline Clinical Data
Baseline clinical data, including age, sex, diabetes,

hypertension, hyperlipidemia, smoking, family history of
CAD, and symptoms were collected and defined as de-
scribed previously [8,17]. Hypertension was defined
as blood pressure ≥140/90 mmHg or the use of anti-
hypertension medication. Hyperlipidemia was defined
as total cholesterol levels of ≥220 mg/dL, low-density
lipoprotein cholesterol of ≥140 mg/dL, fasting triglyc-
erides of ≥150 mm/dL, or receiving treatment with oral
lipid-lowering agents. Diabetes was defined as fasting glu-
cose levels over 7mmol/L or treatment currently with either
diet, oral glucose-lowering agents, or insulin. Smoking was
defined as currently smoking or having smoking in the past
6 months. A family history of CAD was defined as a diag-
nosis of the disease in a male first-degree relative before 55
years of age or in a female first-degree relative before 65
years of age. Typical angina was defined as having 3 char-
acteristics [1]: (1) substernal discomfort of characteristic
quality, (2) precipitated by physical exertion or emotion,
and (3) relieved with rest or nitroglycerin within 10 min.
Atypical angina was defined as having 2 of the 3 defined
characteristics. Nonanginal chest pain was characterized as
chest pain or discomfort that met 1 or 0 of the 3 defined
characteristics.

2.4 CACS-CL and Risk Groups
CACS-CL was estimated for each patient using the

variables mentioned above (age, sex, diabetes, hyperten-
sion, hyperlipidemia, smoking, family history of CAD, and
symptoms) as well as CACS based on plugins to the statis-
tical software, packaged from the original study byWinther
et al. [18]. The CADPTP models for implementation in R
were available at https://github.com/CardioLab/cadptp/tree
/master/R. Based on the recommendations of recent guide-
lines, CIT is not recommended in low-risk patients and
should be referred only to high-risk patients [1,2]. Thus, we
selected two different cutoffs for CACS-CL (5% and 15%)
to classify patients into either the low (CACS-CL<5% and
≤15%) and high (CACS-CL ≥5% and >15%) risk group,
respectively.

2.5 Follow-Up of MACEs
The research endpoint and the collection of follow-up

data were previously defined in detail [8,17]. Briefly, all
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patients were followed at the 6th, 12th, 24th, 36th, 48th,
60th, and 72nd months after CCTA. MACEs were defined
as a composite of all-cause death and nonfatal myocardial
infarction (MI). All-cause death was used rather than car-
diovascular death to eliminate the competing events of car-
diovascular and noncardiovascular mortality, as well as the
need for possibly difficult adjudication of causes of death,
especially given the relatively low mortality. All MACEs
were adjudicated via a review of the follow-up information
and medical records by an independent clinical event com-
mittee who were blinded to other study data.

2.6 Statistical Methods
All data analyses were performed usingMedCalc (ver-

sion 15.2.2; MedCalc Software, Mariakerke, Belgium) and
R (version 3.2.4; R Foundation for Statistical Computing,
Vienna, Austria). A p value < 0.05 (two-tailed) was con-
sidered significant. The ANOVA or Mann–Whitney U test
was used to evaluate the differences in continuous variables
as appropriate. Theχ2 test or Fisher’s exact test was used to
evaluate the differences in the categorical variables as ap-
propriate. The discrimination and calibration of the CACS-
CL model were assessed by the area under receiver oper-
ating characteristic curve (AUC) and Hosmer–Lemeshow
goodness-of-fit statistic (H-L χ2) [21]. Net reclassifica-
tion improvement (NRI) was assessed in a reclassification
table and used to determine how strategies using differ-
ent CACS-CL cutoffs reclassified patients into various risk
groups compared with each other [21]. The cumulative
MACE-free survivals were estimated using Kaplan–Meier
curves and were compared by the log-rank test. We used
Cox proportional hazard regression models to calculate the
adjusted hazard ratios (HRs) and 95% confidence intervals
(CIs), which assessed the association of risk groups to the
onset of the first MACE. The models were adjusted for age,
sex, cardiovascular risk factors (diabetes, hypertension, hy-
perlipidemia, smoking, family history of CAD), symptoms,
and CACS.

3. Results
3.1 Baseline Characteristics of Study Population

Baseline characteristics according to CACS-CL
(<5%, 5–15%, and >15%) are shown in Table 1. The
CCIM-SCP cohort contained 14,232 symptomatic patients,
6689 (47%) of whom had a CACS of 0 and were included
in the current investigation. The average age was 57.26
years, and 57% of the participants were men. Of the 6689
patients with a CACS of 0, 81% were classified as CACS-
CL<5%, 15% as CACS-CL 5–15%, and 4% as CACS-CL
>15%. All baseline characteristics were significantly
different across the three CACS-CL categories (p< 0.0001
for all comparisons).

3.2 Validation of CACS-CL Model
The receiver operating characteristic curve for the

CACS-CL model is presented in Fig. 2. The discrimina-
tion of the CACS-CL model was excellent, with an AUC of
0.805 (95% CI: 0.790–0.819, p < 0.0001). The calibration
plot for the CACS-CLmodel is illustrated in Fig. 3. Graphi-
cally, in the group with negative CACS-CL, the probability
of the obstructive CAD was overestimated, resulting in a
moderate calibration (H-L χ2 = 13.19, p < 0.0001).

Fig. 2. ROC curve for the CACS-CL model to predict ob-
structive CAD. ROC, receiver operating characteristic; CACS-
CL, coronary artery calcium score-weighted clinical likelihood;
CAD, coronary artery disease.

3.3 CACS-CL and CAD on CCTA
In total, 247 (4%), 1023 (15%), and 5419 (81%)

patients had obstructive, nonobstructive, and no CAD,
respectively, based on CCTA. As illustrated in Fig. 4,
compared to patients with CACS-CL <5% and 5–15%,
patients with CACS-CL >15% had more (p < 0.0001
for both comparisons) obstructive (36% (219/612) ver-
sus 0.4% (21/5204) and 0.8% (7/873)) and nonobstructive
CADs (49% (297/612) versus 12% (610/5204) and 13%
(116/873)), respectively. However, there was no signifi-
cant (p = 0.0637) difference between patients with CACS-
CL <5% and 5–15% in terms of CAD distribution.

3.4 Follow-Up of MACEs
During the 5-year follow-up (median: 61 months, in-

terquartile range: 54 to 68 months), 1% (73/6689) of pa-
tients experiencedMACEs: 19 patients died and 54 patients
suffered from nonfatal MI. As shown in Table 2, the rates
of the MACEs were 0.6%, 1% (10/863), and 13% in pa-
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Table 1. Baseline characteristics by CACS-CL.
All CACS-CL

p
(n = 6689) <5% (n = 5419) 5–15% (n = 1023) >15% (n = 247)

Age* 57.26 ± 12.76 56.38 ± 12.94 59.43 ± 13.58 67.59 ± 17.36 <0.0001
Male 3813 (57) 3035 (56) 608 (59) 170 (69) <0.0001
Diabetes 736 (11) 542 (10) 142 (14) 52 (21) <0.0001
Hypertension 2408 (36) 1842 (34) 412 (40) 154 (62) <0.0001
Hyperlipidemia 1940 (29) 1517 (28) 327 (32) 96 (39) <0.0001
Smoking 1605 (24) 1138 (21) 339 (33) 128 (52) <0.0001
Family history of CAD 1204 (18) 921 (17) 203 (20) 79 (32) <0.0001
Symptoms <0.0001

Nonanginal anginal 3478 (52) 2980 (55) 451 (44) 47 (19)
Atypical anginal 2542 (38) 1897 (35) 477 (47) 168 (68)
Typical anginal 669 (10) 542 (10) 95 (9) 32 (13)

Values are presented as n (%) unless stated otherwise.
CACS-CL, coronary artery calcium score-weighted clinical likelihood; CAD, coronary artery disease.
* years, mean ± standard deviation.

Fig. 3. Comparison of CACS-CL and proportion of obstruc-
tive CAD on CCTA by deciles of CACS-CL. CACS-CL, coro-
nary artery calcium score-weighted clinical likelihood; CAD,
coronary artery disease; CCTA, coronary computed tomography
angiography; CL, clinical likelihood.

tients with CACS-CL <5%, 5–15%, and >15%, respec-
tively. Among the 32, 95, and 542 typical anginal patients
with CACS-CL<5%, 5–15%, and>15%, 23, 5, and 19 ex-
perienced MACEs, respectively. Thus, most (64%, 47/73)
MACEs occurred in typical anginal patients. Moreover, as
shown in Table 2, typical anginal patients with a CACS-CL
<15% had similar a rate of MACEs as patients with CACS-
CL>15%who have not yet developed typical angina. This
suggests that three distinct risk cohorts can be further re-
defined. Cohort 1 (very low risk) included patients with
CACS-CL <15% but without typical angina. The rate of
MACEs in this cohort was 0.3% (17/5805). Cohort 2 (mod-
erate risk) included patients with CACS-CL<15% and typ-
ical angina or patients with CACS-CL >15% but without

Fig. 4. Distribution of CAD according to CACS-CL (<5%,
5–15%, and >15%). CACS-CL, coronary artery calcium
score-weighted clinical likelihood; CAD, coronary artery disease;
CCTA, coronary computed tomography angiography.

typical angina. The rate of MACEs in this cohort was
4.3% (37/852). Cohort 3 (high risk) included patients with
CACS-CL >15% and typical angina. The rate of MACEs
in this cohort was 59% (19/32).

Fig. 5 illustrates the Kaplan–Meier estimates for pa-
tients surviving free fromMACEs. The patients in the high-
risk group according to the cutoff for CACS-CL = 5% and
15% had a significantly higher (log-rank p < 0.0001 for
both) risk of MACEs, respectively, although the associa-
tion between CACS-CL = 15%-determined risk groups and
MACEs was stronger than for CACS-CL = 5% (adjusted
HR for CACS-CL >15% versus ≤15%: 7.24, 95% CI
1.93–16.42; adjusted HR for CACS-CL≥5% versus<5%:
3.68, 95% CI 1.50–8.26).
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Fig. 5. Cumulative survival probability from MACEs according to different cutoffs for CACS-CL. (A) CACS-CL ≥5% versus
<5%. (B) CACS-CL >15% versus ≤15%. CACS-CL, coronary artery calcium score-weighted clinical likelihood; MACE, major
adverse cardiovascular event; CCTA, coronary computed tomography angiography.

Table 2. Distribution of MACEs according to CACS-CL and symptoms.
CACS-CL

<5% (n = 5419) 5–15% (n = 1023) >15% (n = 247)

MACE 31 (0.6) 10 (1.0) 32 (13)
Death 11 (0.2) 3 (0.3) 9 (3.6)
Nonfatal myocardial infarction 20 (0.4) 7 (0.7) 23 (9.4)

Typical anginal 542 (10) 95 (9) 32 (13)
MACE in these patients 23 (4.2) 5 (5.3) 19 (59)

Atypical + nonanginal anginal 4877 (90) 928 (91) 215 (87)
MACE in these patients 12 (0.3) 5 (0.5) 9 (4.2)

Values are presented as n (%) unless stated otherwise.
CACS-CL, coronary artery calcium score-weighted clinical likelihood; MACE, major adverse car-
diovascular event.

3.5 Reclassification Table and NRI Comparing CACS-CL
Cutoffs of 15% and 5%

Table 3 is the reclassification table for obstructive
CAD. Compared to the strategy, which used the cutoff for
CACS-CL = 5%, among the 6442 patients without obstruc-
tive CAD, 901 patients were correctly reclassified from the
high-risk group to the low-risk group. However, 35 pa-
tients were incorrectly reclassified from the low-risk group
to the high-risk group by the strategy that used the cutoff
for CACS-CL = 15%. Among the 247 positive patients,
the strategy that used the cutoff for CACS-CL = 15% cor-
rectly reclassified one patient from the low-risk group to the
high-risk group, although eight patients were incorrectly re-
classified from the high-risk group to the low-risk group.
Therefore, the NRI of the strategy that used the cutoff for
CACS-CL = 15% compared with the strategy that used the
cutoff for CACS-CL = 5% was 13.45% for negative pa-
tients, –2.84% for positive patients, and 10.61% for all pa-
tients. Similarly, when regarding any CAD in Table 4, the
NRI was 13.84% for negative patients, –9.68% for positive
patients, and 4.16% for all patients.

4. Discussion
The study investigated the performance of the CACS-

CL model in a real-world cohort and demonstrated its di-
agnostic and prognostic efficacies among patients with a
CACS of 0, who had been referred to CCTA for SCP
suspected of CCS. Compared to the risk assessment strat-
egy with a CACS-CL cutoff of 5%, adopting a 15% cut-
off appeared more promising for optimizing CIT referrals
in negative CACS patients. Moreover, most MACEs oc-
curred in typical anginal patients, meaning we further de-
veloped three distinct risk cohorts based on the distribution
of MACEs according to CACS-CL and symptoms, thereby
informing doctors of the need to take particular heed when
managing these patients, especially if they have a high-risk
clinical profile.

A landmark meta-analysis of 79,903 patients with
SCP showed that the prevalence of no, nonobstructive, and
obstructive CAD among those with a CACS = 0 was 84%,
13%, and 3%, respectively [11], which were consistent with
data in the present study. Additionally, a CACS of 0 pre-
dicted a low incidence of MACEs [2], which was also de-
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Table 3. Reclassification table for obstructive CAD comparing CACS-CL cutoffs of 15% and 5%.
Risk groups by CACS-CL = 15%

Total
Reclassificationa

NRIb p
Low High Up Down

Risk groups by CACS-CL = 5%
Negative patients 0.54% 13.99% 10.61% <0.0001

Low 5148 35 5183
High 901 358 1259
Total 6049 393 6442

Positive patientsc 0.40% 3.24%
Low 20 1 21
High 8 218 226
Total 28 219 247

CACS-CL, coronary artery calcium score-weighted clinical likelihood; CAD, coronary artery disease; NRI, net reclassification
improvement.
aThe reclassification of patients by the horizontal strategy was compared to that by the vertical one.
bNRI = [P(Up | Positive) – P(Down | Positive)] – [P(Up | Negative) – P(Down | Negative)].
cA positive patient was defined as a patient who had obstructive CAD.

Table 4. Reclassification table for any CAD comparing CACS-CL cutoffs of 15% and 5%.
Risk groups by CACS-CL = 15%

Total
Reclassificationa

NRIb p
Low High Up Down

Risk groups by CACS-CL = 5%
Negative patients 0.20% 14.04% 4.16% <0.0001
Low 4562 11 4573
High 761 85 846
Total 5323 96 5419

Positive patientsc 0.32% 10.00%
Low 627 4 631
High 127 512 639
Total 754 516 1270

CACS-CL, coronary artery calcium score-weighted clinical likelihood; CAD, coronary artery disease; NRI, net reclassification im-
provement.
a The reclassification of patients by the horizontal strategy was compared to that by the vertical one.
b NRI = [P(Up | Positive) – P(Down | Positive)] – [P(Up | Negative) – P(Down | Negative)].
c A positive patient was defined as a patient who had any CAD.

termined by this study. These findings all supported the im-
portance of a CACS= 0 in a value-based healthcare delivery
model as a “gatekeeper” for further CIT among individuals
with persistent SCP. However, several studies found that
the diagnostic and prognostic values of a CACS of 0 were
also dependent on clinical variables [14–17]. In line with
this, the disease burden of CAD and MACEs was widely
distributed across different CACS-CL.

Hence, the investigation of the CACS-CL model, in-
cluding CACS over and above traditional risk factors, to
improve risk assessment in SCP patients with a CACS of 0
was valuable. To the best of our knowledge, this is the first
research study to thoroughly verify and compare the CACS-
CL model and different CACS-CL cutoffs in SCP patients
with a CACS of 0. In this study, despite the possibility of a
sub-optimal calibration due to ethnic variance, our findings
indicated that the CACS-CLmodel accurately predicted ob-

structive CAD andMACEs in SCP patients with a CACS of
0, which was similar to the general SCP patients [8,18,19].
Thus, a CACS-CL model-based risk assessment strategy to
defer unnecessary CIT may be effective and safe for gen-
eral SCP patients, even patients with SCP and a CACS of 0
[8,18,19].

More fundamentally, among SCP patients with a
CACS of 0, which was considered a low-risk population,
a better strategy for selecting patients who would benefit
from further CIT is required in the contemporary environ-
ment of rising healthcare costs [7]. To address this gap, we
compared two different CACS-CL cutoffs of 15% and 5%
using several measures. The results from the analyses of
NRI and Kaplan–Meier estimates all favored a CACS-CL
cutoff of 15%, for positive NRI and stronger associations of
risk groups with MACEs. Thus, the risk assessment strat-
egy, which used a CACS-CL cutoff of 15% seemed to be
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more effective and safer at deferring further CIT in SCP pa-
tients with a CACS of 0. The superiority in the CACS-CL
cutoff of 15% over the 5% cutoff might be attributed to the
similar distribution of CAD between patients with CACS-
CL <5% and 5–15%.

There were numerous limitations in this study that
should be mentioned. Firstly, this study was an observa-
tional subset of a large cohort, meaning there were poten-
tial selection biases resulting from the clinical decisions of
local physicians. Unfortunately, due to the lack of more de-
tailed information from this observational registration, we
cannot specifically identify the causes of deaths nor validly
differentiate between the Type I and II MIs. Moreover,
the change in CACS during the follow-up, which has great
clinical significance, could not be collected. Secondly, the
analysis focused on whether there was at least 50% coro-
nary diameter stenosis, thereby limiting the identification
of individuals benefiting most from revascularization, such
as those with left main disease or 3-vessel disease with a
maximum degree of coronary diameter stenosis 70% [22].
Thirdly, this study solely targeted negative CACS patients
with SCP, meaning these findings should not be general-
ized to other patient groups. Lastly, larger population sizes
and long-term outcome data are essential for validating and
confirming the study’s findings.

5. Conclusions
Among patients with SCP who are suspected of CCS

and possess a CACS of 0, the CACS-CL model accurately
predicted CAD and MACEs. Compared to the risk assess-
ment strategy using a cutoff for CACS-CL = 5%, the strat-
egy that used a cutoff for CACS-CL = 15% seemed to be
more effective and safer to defer further CIT in SCP patients
with a CACS of 0.
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